administered intravenously. Their potency relies on the intracellular gain-of-function effect: release of the central immune checkpoint regulator (STAT3) to unleash proinflammatory signaling (CpG/TLR9) in the same antigenpresenting cell. At the cellular level, CpG-STAT3 inhibitors exert two-pronged effect by rescuing T cells from the immune checkpoint control while decreasing survival of cancer cells. In this article, we review the preclinical data on CpG-STAT3 inhibitors and discuss perspectives of using TLR9-targeted delivery of oligonucleotide therapeutics for the generation of novel, more effective and safer cancer immunotherapies. 
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Immunosuppressive signaling networks in the tumor microenvironment
Recent clinical advances in immunotherapy of advanced cancers highlighted therapeutic potential of targeting immune checkpoints [1] while underscoring the complexity of signaling networks within the tumor microenvironment [2] . There is ample evidence that human cancers, and especially solid tumors, employ a wide array of immune checkpoint mechanisms extending beyond PD-1 or CTLA4 triggering [3] . It is also widely recognized that cancer resistance to various treatments, including immunotherapy, results from combination of intrinsic properties of cancer cells and extrinsic influences of tumor stroma [4, 5] . Tumor microenvironment hosts a variety of immune cell subsets that modulate therapeutic efficacy. While T lymphocytes are effector cells essential for durable antitumor immune responses, diverse types of myeloid cells may positively or negatively affect the outcome of therapy [6, 7] . This is an obvious consequence of the physiological role of myeloid cells in the control of tissue homeostasis and wound healing. By modulating intracellular signaling, tumors hijack myeloid cells to promote cancer survival, neovascularization and immune evasion. Signal transducer and activator of transcription 3 (STAT3) was originally described as an oncogenic and pro-survival molecule in cancer cells [8] .
Later studies revealed that in vivo STAT3 is activated in both cancer cells and in the tumor-associated myeloid cells such as immature dendritic cells (DCs), tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs), thereby promoting tumors by a variety of mechanisms [6, 8] . Activation of STAT3 inhibits maturation of antigen-presenting cells such as DCs, resulting in decreased expression of MHC class II complexes, costimulatory molecules (CD40, CD80, CD86) and lower IL-12 production [9, 10] . With functionally impaired DCs, STAT3 redirects differentiation of immature myeloid cells into TAMs and MDSCs, that actively support tumor progression, neovascularization and immune evasion [6, 8, 11, 12] . Multitasking in the tumor microenvironment reflects essential function of STAT3 in wound healing and resolution of inflammation, at least partly though shifting transcriptional activity of NF-κB from pro-inflammatory to tumorigenic target genes [13, 14] . Therefore, STAT3 can be considered the central immune checkpoint regulator and the nodal point for immunosuppressive signaling in tumor-associated myeloid cells [8] . This unique role and the contribution of STAT3 to survival of cancer cells provide a strong rationale for therapeutic interventions targeting this molecule [8, 13] . Importantly, genetic loss of STAT3 activity in humans is not lethal although it leads to complex immunodeficiency (autosomal-dominant hyper-immunoglobulin E syndrome; AD-HIES) associated with skin and lung infections, eosinophilia and high levels of IgE [15] . These manifestations are likely caused by impaired development of Th17 cells, and follicular helper T cells that in turn results in abnormal B cell functions. In addition, risks of inhibiting STAT3 in immune cells include impaired generation of central memory T cells, which are essential for control of chronic viral infections and long-term antitumor immunity [16, 17] . As demonstrated in earlier genetic studies, blocking STAT3 in tumor-associated myeloid cells alone, without affecting STAT3 signaling in cancer cells, was sufficient to induce antitumor immunity and inhibit growth of various solid tumor models [10] . When combined with local immunostimulation or tumor irradiation, STAT3 deletion resulted in complete regression of large established tumors and protected mice from tumor recurrence [12, 18] . These proof-of-principle experiments defined the two key elements for generation of effective antitumor immunity: release of the STAT3 checkpoint and immune receptor-triggering to jump-start a cascade of innate and adaptive antitumor responses.
Challenges in targeting STAT3 in tumor-associated myeloid cells
Despite numerous attempts, STAT3 targeting using pharmacologic approaches remains challenging [19] . Until today, there are no FDA-approved small molecule STAT3 inhibitors. Inhibitors of Janus kinases (Jak), upstream from STAT3 and multiple other signaling pathways have been intensely studied for therapy of cancer and autoimmune diseases [20] . However, in late clinical studies, some of the most promising Jak inhibitors caused unexpected adverse effects, likely not related to STAT3 inhibition [21] . Beyond such toxicities, broad inhibition of Jak/STAT signaling may impede IFN-mediated antitumor immunity and/ or STAT3-mediated generation of memory T cells [13] . These observations emphasize the need for both molecular and cellular selectivity in targeting STAT3 to maximize immunotherapeutic efficacy while reducing potential toxicities. Oligonucleotide-based therapeutics (ONTs), such as siRNA, antisense oligonucleotides (ASO) or decoy oligodeoxynucleotides (dODN), emerged as potential alternatives to small molecule STAT3 inhibitors. Both STAT3
antisense and decoy oligonucleotides, as well as the first small molecule inhibitor, have reached clinical testing (Table 1) . Active trials focus now on the antisense strategy (AZD9150) in combination with immune checkpoint blocking antibodies to PD-L1 to improve therapeutic efficacy. While these strategies offer high specificity in targeting STAT3 at the molecular level, their clinical development continues to be hindered by the lack of methods for efficient and cell-selective delivery. In addition, the immunogenicity of ONTs has long been considered an unwanted and potentially dangerous side effect alleviated only by extensive chemical modifications. However, immune cells may themselves be essential therapeutic targets in cancer therapy [22] . Synthetic oligodeoxynucleotides comprising an unmethylated CpG motif, CpG ODNs, have been used in dozens of clinical trials against a variety of human cancers, albeit with limited efficacy [23] . CpG ODNs are recognized by the innate immune receptor, Toll-like Receptor 9 (TLR9), which activates immune cells and stimulates the release of proinflammatory cytokines. TLR9 agonists are potent immunoadjuvants for vaccines, however, in the tumor microenvironment their potency is strongly limited or even tumorigenic, regardless whether it is triggered by synthetic ligands or release of natural agonists, such as mitochondrial DNA from dying cells [12] . The functional dichotomy of TLR9 signaling seems to be defined by a multilayered negative feedback regulation through STAT3. As shown by our previous studies, TLR9 signaling induced by CpG ODN or endogenous ligands from irradiated cancer cells triggers Jak/STAT3 activation in myeloid cells mediated by delayed release of IL-6 [12, 18] . During infections, such negative feedback regulation can limit potential collateral damage caused by the unrestricted proinflammatory TLR9 signaling, however, in the tumor microenvironment, it rather serves to sustain STAT3 activity and to promote tumor immune evasions as well as neovascularization [12, 18] . These observations stimulated development of a platform technology for cell-selective delivery of oligonucleotide-based STAT3 inhibitors into TLR9-expressing immune cells.
It takes two to deliver: TLR9 and scavenger receptors
In contrast to many ONTs, single-stranded CpG ODNs are quickly and efficiently internalized by specialized target cells thereby stimulating immune responses [24] . Since the mature and fully functional TLR9 is not present on cell surface, it is not directly involved in ligand internalization. [24] . The intracellular localization of TLR9, similar to TLR3, TLR7 and TLR8, creates an opportunity for utilizing TLR9 ligands for delivery of therapeutics into the cytosol. In contrast to ubiquitous expression in myeloid cells in mice, human TLR9 is restricted to plasmacytoid DCs and B lymphocytes under normal physiological conditions [24] . However, TLR9 levels can be quickly upregulated under inflammatory conditions or in the tumor microenvironment [33, 34] . Our own analyses of cancer patients' specimens identified TLR9 expression in two therapeutically important immune cell populations: in tumor-associated macrophages and in a subset of myeloid-derived suppressor cells discussed later in this article [12, 35] . TLR9 is also commonly elevated in cancer cells in many hematologic malignancies, including acute myeloid leukemia (AML), multiple myeloma and B cell lymphoma, as well as in certain solid tumors, such as prostate cancers or malignant glioma [23, [36] [37] [38] . The efficacy of CpG-conjugates is determined by TLR9 and SR coexpression, as TLR9 partners with SRs on the cell surface for conjugate uptake. Noteworthy, SRs expression has been reported in hematologic malignancies and also in various solid tumors, e.g. SR-BI was found in breast, prostate and pancreatic cancer cells [39] . Therefore, the ONT delivery via the SR/TLR9 tandem creates a possibility for simultaneous targeting of tumor-associated myeloid cells as well as cancer cells in several types of human tumors.
SR/TLR9-targeted delivery and intracellular processing of CpG-STAT3 inhibitors
Our group successfully utilized the SR/TLR9 receptors for ONT delivery by generating two types of targeted STAT3 inhibitors. In the first design, a CpG ODN was tethered to a STAT3 siRNA in a cleavable design to allow for Dicer endonuclease-mediated uncoupling of the processed 21/21mer siRNA after uptake [40, 41] . To overcome the limited serum-stability of CpG-siRNA, we recently generated a clinically relevant second-generation CpG-STAT3 inhibitor suitable for intravenous delivery [42] . In this alternative design, the CpG moiety is linked to a STAT3 decoy ODN (CpG-STAT3dODN), a high-affinity STAT3 DNAbinding sequence that acts as a competitive inhibitor and prevents the transcriptional activity of STAT3 (Fig. 1) [44] , TLR9-targeted delivery strategies are not limited by the endosomal retention. As demonstrated for CpG-siRNA, TLR9 activation permitted rapid endosomal escape of siRNA within the first 2-3 h after internalization [28] . In Tlr9-deficient macrophages, lack of TLR9 activity caused retention of siRNA molecules in EEs and thus impaired target gene silencing. Thus, TLR9 triggering has beneficial role CpG-STAT3 inhibitor efficacy despite not being directly involved in the uptake of CpG-conjugates. While a detailed mechanism of TLR9-dependent endosomal release of ONTs remains to be defined, it likely corresponds to the known role of TLR9 in cross-presentation of antigens by APCs. TLR9 and other endosomal TLRs seem to control the release of internalized microbial products using specialized peptide transporters in the EE membrane to enable pathogen recognition by cytosolic sensors [45] .
CpG-STAT3 inhibitors: targeting solid tumor-associated myeloid cells
Parallel to studies on the intracellular mode of action, we tested the feasibility of using CpG-STAT3 inhibitors against a variety of human and mouse tumors [12, 40, 46] . CpG-STAT3siRNA conjugates were injected locally or systemically into melanoma, colon, glioma, bladder and prostate tumors to demonstrate internalization and efficient STAT3 silencing in tumor-associated dendritic cells, macrophages and B cells. These studies provided the first evidence that targeted STAT3 inhibition combined with TLR9 triggering by CpG-STAT3siRNA oligonucleotides can break immune tolerance and induce potent T-cell mediated anti-tumor immunity (Fig. 2) [40, 46] . The immune activation following STAT3-inhibition/TLR9-activation was two-step: starting with rapid tumor infiltration by innate immune cells (neutrophils, macrophages and in some tumor models NK cells) and leading later to the development of adaptive immune responses, as manifested by CD8 + T cell infiltration into tumors and tumor-draining lymph nodes. At the same time, CpG-STAT3 inhibitors would reduce tolerogenic populations of MDSCs and regulatory T cells in both locations. These effects were associated with elevated CD8 + T cell responses against specific tumor antigens, and with protection from rechallenge with the same cancer type. Successful generation of Th1-type antitumor immunity resulted from improved functions of APCs, such as DCs in tumor-draining lymph nodes, after CpG-STAT3siRNA treatment [40, 46] . At the same time, the temporary inhibition of STAT3, usually limited to 2-4 weeks, did not affect generation of DCs which is a known effect of Stat3 ablation [13, 40] . In fact, local intratumoral injections of CpG-STAT3siRNA drastically improved effector functions of adoptively transferred CD8 + T cells, increasing their killing activity and tumor infiltration. Improved tumor antigen-presentation also contributed to the synergistic effect of CpG-STAT3siRNA combined with localized tumor RT [12] . However, in this case, STAT3 inhibition interfered mainly with the proangiogenic activity of tumorinfiltrating macrophages, thereby disrupting initial step of Fig. 1 The intracellular mode of action of bi-functional CpG-STAT3 decoy oligodeoxynucleotides. CpG-STAT3dODN conjugates are recognized by scavenger receptors and quickly internalized through endocytosis into target cells. While in early endosomes, some of the internalized conjugates bind to TLR9 triggering downstream immunostimulatory signaling. In addition, TLR9 activation facilitates the release of an excess of unbound CpG-STAT3dODNs from endosomes into cytoplasm. The CpG-STAT3dODN binds to the dimers of STAT3 activated by upstream growth factor/cytokine signaling. The sequestration of the decoy-bound STAT3 in the cytoplasm prevents its transcriptional activity, shifting the balance from immunosuppression to the production of pro-inflammatory cytokines/chemokines and towards the processing of tumor-associated antigens (TAA). Altogether, these effects generate systemic CD8 + T cell-mediated immune responses against specific tumor antigens the tumor revascularization and recurrence. Altogether, these preclinical studies on CpG-STAT3siRNA validated the concept of bi-functional immunotherapeutic strategy, based on the proof-of-principle experiments in the genetic model of Stat3-deletion discussed earlier [18] . Jump-starting potent and multilayered antitumor immunity depended on a combination of TLR9 triggering ("push") and STAT3 inhibition ("release") within the same target antigen-presenting cell, best accomplished by incorporating both functions into a single therapeutic agent.
The strong efficacy of CpG-STAT3siRNA in mouse tumor models in vivo prompted an optimization of this strategy for human system. For broader range of targeted human immune cells, we decided on two types of CpG ODN conjugates based on A and B types of CpG ODNs: CpG(A)-known for preferentially stimulating pDCs, and CpG(B)-mainly activating B cells [23] . As expected, these specificities were retained by CpG(A)-conjugates, which effectively target human TLR9+ pDCs and mDCs and myeloid leukemia cells, and by CpG(B)-conjugates, which show enhanced uptake by human B cells and B cell lymphoma cells [36] . As mentioned earlier, inflammation and genotoxic stress cause upregulation of TLR9 in additional types of myeloid cells or in cancer cells at least partly through p53-dependent mechanism [34] . The heterogeneous population of MDSCs plays a pivotal role in cancer progression and poor patients' survival [47] . The MDSCs are immature myeloid cells deprived of the majority of immune cell surface markers, which makes them elusive targets for antibody-based therapies [48] . Recently, we identified for the first time that TLR9 is selectively upregulated by the subset of polymorphonuclear MDSCs (PMN-MDSC: Lin − HLA-DR − CD14 − CD15 HI CD33 LO ) accumulating in the circulation of prostate cancer patients during progression of the disease [35] . We found a gradual increase of the percentage of TLR9 HI PMN-MDSCs, but not of TLR9 LO M-MDSCs, between healthy subjects, patients with localized or metastatic prostate cancers. Similar as reported in tumor-associated myeloid cells in mice [10, 11] , STAT3 activity was elevated in human PMN-MDSCs and correlated with their potent immunosuppressive effects on T cells. Importantly, ex vivo CpG(A)-STAT3siRNA effectively silenced STAT3 in primary PMN-MDSCs. CpG(A)-STAT3siRNA also reduced expression of the arginase-1 (ARG1), a known downstream target of STAT3 [49] , which is and a potent immunosuppressive factor secreted by PMN-MDSCs to blunt T-cell responses. Overall, CpG(A)-STAT3siRNA alleviated tolerogenic effects of PMN-MDSCs on T-cell proliferation and effector functions, such as IFNγ and granzyme B production. Ongoing studies should determine whether loss of PMN-MDSC activity after TLR9-triggering/STAT3-inhibition is accompanied by their differentiation and whether downstream TLR9 signaling contributes in any way to tolerogenic functions. The population of PMN-MDSCs is commonly elevated in peripheral blood from patients with many other human cancers, including hematologic malignancies, head and neck, glioma, lung or gastrointestinal cancers [50, 51] . Importantly, TLR9 expression does not seem to be a unique property of prostate cancer-associated PMN-MDSCs as it is observed also in PMN-MDSCs from head and neck cancer patients as verified in our laboratory.(Kortylewski, unpublished data) Therefore, TLR9-targeted delivery can provide a platform technology for immunotherapeutic application in a relatively broad spectrum of human cancers. As shown recently in several solid tumors, such as castration-resistant prostate cancers or in malignant glioma, cancer stemlike cells can acquire ability to express Toll-like receptors such as TLR9 [37, 38] . While beyond scope of this article, in such setting, CpG-STAT3 inhibitors can exert a two-pronged therapeutic effect against the tumor and its microenvironment (Fig. 2) . TLR9-targeted STAT3 inhibition would not only eliminate tumor immune evasion but also reduce the tumorigenic potential of cancer cells and therapeutic resistance.
CpG-STAT3 inhibitors

CpG-STAT3 inhibitors: triggering immunogenicity of cancer cells in hematological malignancies
Extensive prior studies documented the immunostimulatory effect of STAT3 inhibition on tumor-associated myeloid cells, B cells and also malignant B cell lymphoma cells [10, 18, 40, 52] . Since both myeloid leukemia and B cell lymphoma cells commonly express high levels of TLR9 together with activated STAT3, they are ideal targets for CpG-STAT3 inhibitors. Our proof-of-principle studies in xenotransplanted and syngeneic models of acute myeloid leukemia (AML) compared the antitumor efficacy of CpG-STAT3siRNA and CpG-STAT3dODN [36, 42, 43] . As expected, the improved nuclease resistance of CpG-STAT3dODN proved indispensable for induction of the direct cytotoxicity in disseminated STAT3-dependent human AML. However, both types of CpG-STAT3 inhibitors caused regression of the syngeneic Cbfb/Myh11/Mpl (CMM) model of AML, which does not rely on STAT3 signaling for leukemia cell survival. CpG-STAT3 inhibitors, but not CpG ODN alone or Jak/STAT inhibitors alone, induced potent antitumor responses against established CMM leukemia in immunocompetent mice. Intriguingly, while antitumor effects of CpG-STAT3 inhibitors were primarily immune mediated, they did not depend on activity of the host's antigen-presenting cells (APCs). In TLR9-deficient mice, with APCs lacking responsiveness to TLR9 conjugates, CpG-STAT3 inhibitors showed unaltered strong antitumor effects. Thus, the augmented immunogenicity of CMM cells alone has potential to trigger potent antitumor immunity after CpG-STAT3 inhibitor treatment. Similar to the effect of STAT3-inhibition/TLR9-activation on nonmalignant DCs or macrophages, the CMM leukemic cells upregulated surface expression of MHC class II, costimulatory molecules and essential mediators of Th1 type immunity (IFNγ and IL-12), while concomitantly reducing Th2 mediators (IL-4 and IL-6) and arginase expression. In fact, CpG-STAT3 inhibitors induced dramatic changes in the cellular morphology of AML cells indicative of differentiation, acquiring asymmetric localization of nuclei and increasing number of mitochondria (Kortylewski, unpublished data). Importantly, targeted STAT3 blocking/ TLR9 triggering resulted in systemic eradication of leukemia and long-term survival of majority of mice due to successful elimination of quiescent leukemia-initiating cells. We attribute this broad therapeutic effect to the ubiquitous expression of TLR9 in all cellular compartments of human and mouse AML, leukemia stem/progenitor cells notwithstanding, independently from their cytogenetic subtypes and hierarchy [42] . Similar to acute myeloid leukemia, B cell lymphoma cells are also known to gain immunogenic phenotype as a result of CpG stimulation or STAT3 inhibition [52, 53] . In fact, our studies provide evidence that the systemic administration of CpG-STAT3 inhibitors induces regression of disseminated mouse A20 B cell lymphoma through immune-mediated and not directly cytotoxic effects similar as reported in AML [36] . These results underscore well-established conflicting roles of STAT3 and TLR9/NF-κB signaling in antigen-presentation, cytokine production and cell differentiation. However, there is still much to learn about the pool of tumor-specific epitopes revealed and/or expanded as a result of STAT3-inhibition and TLR9-triggering. This information can have important implications for the design of more effective and safer T cell-based immunotherapies to AML, NHL and potentially other hematologic malignancies.
Conclusions and perspectives
Targeting nodal points of cell-signaling networks in the tumor microenvironment, such as TFs [54] , provides an opportunity to maximize efficacy and potency of therapeutic intervention. At the same time, it faces serious challenges related to technical difficulty, specificity and safety, especially when targeting immune cell signaling. Our studies on STAT3 targeting underscore the need for specificity at both molecular and cellular level to ensure maximally effective yet safe therapeutic responses. CpG-STAT3 inhibitors represent a new-in-class, cell-selective and dual-function oligonucleotide-based approach to cancer immunotherapy. Their efficiency is a consequence of the intracellular gain-of-function (GOF): the release of the central immune checkpoint regulator (STAT3) to unleash proinflammatory signaling (CpG/TLR9) and antigen presentation in target cells. The combination of TLR9 triggering/STAT3 inhibition is sufficient to override tolerogenic phenotype of tumor-associated myeloid cells, such as PMN-MDSC or TAMs, and certain malignant myeloid and lymphoid cells. CpG-STAT3 inhibitors have potential to stimulate the presentation/recognition of a broad repertoire of cancer-specific antigens in vivo and provide an opportunity for the design of new combinatorial immunotherapeutic regimens with standard treatments, vaccines or T cell-based therapies. The simplicity and flexibility of the CpG-conjugate design allows for their further adaptation to targeting other tumorigenic and/or immunosuppressive TFs beyond STAT3, such as STAT5 and NF-κB [37, 54] , or even oncogenic micro RNAs as shown recently [55] . Therefore, TLR9-targeted delivery of ONTs can overcome current limitations of small molecule drugs and pave way to novel, cell-selective cancer immunotherapeutics.
